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Abstract 
In this paper, the cell-centered finite volume method with unstructured collocated meshes is applied to compare the accuracy of 
four schemes, the DC-CD, DC-SO, DCQ-QUICK and SGSD schemes are implemented for discrete convection. According to 
compare the numerical solutions with the analytical solutions, the impact of different formats for discrete numerical model 
calculation results are discussed. The results show the DCQ-QUICK scheme has the robust, accuracy and excellent convergence. 
Moreover, the DCQ-QUICK scheme is effective and trustable for solving complex regional problems. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The last two decades have witnessed a great advance in the area of computational fluid dynamics, and the motion 
law of viscous flow could be described by Navier-Stokes equations which to discretize the convective term is a big 
challenge [1]. Due to the nonlinearity of first derivative term of momentum equation(that is nonlinear of the 
convection coefficient), it has important theoretical and practical significance to look for a class of high precision 
and rapid convergence speed and strong robustness discrete format. 
At present, the classic first upwind difference scheme (FUD)with good stability, which induces serious numerical 
dissipation in application. The central difference scheme(CDS) [3] generally satisfies the conditional stability, but 
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when the Péclet number of grid exceeds the critical value that can lead to the iteration divergence. In addition, the 
power-law scheme [1] and [4] exponential scheme improve the shortages of CDS. But they still have great 
limitations in terms of stability and calculation precision. In recent years, composite difference schemes with the 
well stability and high precision are proposed by Darwish[5], while it is mainly due to less economy computation. 
However, the deferred correction theory [6] is successful in  discretizing high scheme for convection. 
In this paper, the cell-centered finite volume method with unstructured collocated meshes is applied for solving 
the Navier–Stokes equations. The computation discrete of the convection flux uses three high order schemes 
(deferred correction center difference (DC-CD), deferred correction symmetry and odd(DC-SO), deferred correction 
quasi-quadratic upwind interpolation of convective(DCQ-QUICK)) which are coupled with deferred correction 
method and high order scheme SGSD(stability guaranteed second-order difference) separately. We consider two 
types of numerical tests to examine the performance of different schemes for discrete numerical model, including a 
cavity driven flow with high Reynolds number and flow around a cylinder. By numerical comparison with the 
analytical solutions discussed the impact of different schemes for discrete numerical model calculation results. The 
results agree well with the analytical results reported in the previous studies. In additional. 
2. Governing equations 
Two dimensional steady incompressible viscous fluid equations are adopted, the continuity and momentum 
equations of motion can be written as follows: 
                                                                           0  u    (1) 
                                                                SIU I I   * u   (2) 
where  u,v u  is velocity of fluid, U is the fluid density, a typical representative variable is denoted by I , * is 
the coefficient of diffusion, and SI is the source term. 
In this paper, the finite volume method discretize Eq.(2), triangulation is placed on the computational domain. 
The f interface of any triangle element ip of convection denotes fC then it can be finally written as 
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where S  is a vector of the interface control, fF is the convection coefficient, fI  represents the average value in f  
interface of I . 
3. The discrete scheme of convection 
Different discrete schemes of convection in solving NS equations obtain distinct results, thus that have a 
significant impact on results of numerical simulations. From (3), different approach arming at fI will directly affect 
the accuracy of the final numerical simulation. The discrete schemes of convection will be introduced as follows. 
3.1. CD scheme[3](Center Difference Scheme) 
The CD is a second-order approximation of the convection term. The variable values at the interface proposes the 
values at the center of the adjacent cells based on a linear interpolation method, the equation can be expressed as 
follows. 
                                                                    1 2f j iI ZI Z I      (4) 
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Here, 1Z and 2Z  are factors of interpolation weight, then 1 2 1Z Z  . 
3.2.  SGSD scheme[7](Stability Guaranteed Second-order Difference) 
According to document [7] , based on finite volume method with the structural grid, the SGSD is a second-order 
difference scheme, which is proposed to possess the well stability. The mathematical equation can be written as 
                                                                   1CD SUDf f fI EI E I       (5) 
where  2 2/ p'E   ˈ p'  is a non-dimensional number which measures the relative strengths of convection and 
diffusion, the local Péclet number evaluated at any face, SUD is second-order upwind scheme [7]. 
3.3.  SO scheme[8](Symmetry & Odd-orderˈSO) 
The SO scheme  overcomes the defects about the upwind of traditional thought, which has well stability and 
computation accuracy. See Fig.1, taking the third-order of SO scheme for example, the points are selected on both 
sides of the interface, the value of fI  is given by 
                                                          1 1 1 1 2 2f i i i i i i i ia a a aI I I I I             (6) 
where 1ia  , ia , 1ia  and 2ia   are the 1iI  ǃ iI ǃ 1iI  ǃ 2iI   variables factors of weight. 
 
 
Fig. 1. Control volume. 
3.4.  Q-QUICK scheme[9] (Quasi-Quadratic Upwind Interpolation of Convective Kinetics) 
Q-QUICK scheme is revision for QUICK scheme. Fig.2 shows the intersections from the line of two adjacent 
central points and its corresponding interface. The i and j points are the  center of the control volume iP and adjacent 
element jP , the s and s* are i and j points of connection of intersection, the f is the intersection of i and j , the fI is 
given below: 
                                                                    f j i sa b cI I I I       (7) 
here the iI , jI and sI are the value of variable I at the i , j and s points, a , b and c are the factors of weight of 
variables iI , jI and sI . 
 
Fig. 2. Non-conjunctional control volume. 
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3.5. DC scheme[6] (deferred correction scheme) 
As we all know, although the high order scheme has high accuracy, the discrete equations are extremely complex. 
Especially the Péclet number exceeds critical value, so the computational results easily cause divergence. The 
deferred correction has strong robust and is the implementation for high order scheme based on unstructured grid, 
which can be expressed as: 
                                                               0L H Lf f f f f fC F FI D I I|       (8) 
where 0 1Dd d , the HfI and LfI  denote the expression of high and low order about the boundary of control volume 
fI ,the superscript “0” represents the results of previous layer iteration. Such as, a new deferred correction method 
coupled with high order Q-QUICK scheme is proposed for the computation of the convection flux.  
                                                         0FUS Q QUICK FUSf f f f f fC F FI D I I|       (9) 
where the FUSfI represents fI  with the first order upwind scheme, the Q QUICKfI  express the variable fI  adopted Q-
QUICK scheme. 
4. Numerical results 
In order to compare the accuracy and effectiveness of four high schemes(DC-CD, DC-SO, DCQ-QUICK, SGSD), 
which are used to compute discrete convection flux. Two classical benchmark problems, which are cavity driven 
flow with high Reynolds number and drag coefficient of a cylinder, are solved numerically to verify the high 
precision and stability of the proposed method. 
4.1.  Simulation of cavity driven flow 
The cavity driven flow is a classical issue in fluid dynamics. Cavity driven flow with high Reynolds number can 
verify the accuracy and stability of numerical algorithms. In this section, cavity driven flow under different discrete 
scheme of convection is modeled and the simulations are carried out on different Reynolds numbers 
( 3200 5000Re ,  ). Testing the accuracy of the results based on four schemes are compared with Ghia et al [10] . 
Fig.3 compares the velocity on mid axis with analytical solutions under simulation of different schemes, different 
discrete schemes under the same Reynolds number adopt identical meshes. Simultaneously, the initial conditions for 
Reynolds numbers are 3200Re  and 5000Re   ( grid numbers are 19482). As increasing Re , the results indicate 
that the DCQ-QUICK scheme in accordance with analytical solutions, the results with the DC-CD scheme is the 
worst. Moreover, the numerical simulation results of the DC-CD and DC-SO formats are difficult to converge. 
            
     Fig. 3. velocity on mid axis at, 3200Re  , 5000Re  . 
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Fig.4 shows the simulation results of distribution of stream line based on the DCQ-QUICK format at 5000Re  . 
With increasing of the Re , grid numbers are adopted less than 1/4 of Ghia et al, and the secondary vortices appear 
initially very near the corners. In Fig.5, according to the distribution of residual, the results under the SGSD scheme 
are in better agreement with the benchmark solution, the convergence based on DC-CD scheme is the slowest. 
Especially, with increasing of the Re , the convergence rates of the SGSD, DCQ-QUICK, DC-SOO and DC-CDS 
scheme decrease successively. The results show the convergence of the SGSD, DCQ-QUICK scheme are superior to 
the other two formats. 
              
                 Fig. 4. The streamline at 5000Re                                Fig. 5. Residual convergence under different discrete format 
4.2. simulation of drag coefficient of a cylinder 
The solutions of the NS Equations on complex region are difficult in computational fluid dynamics. In terms of 
the results given in cavity driven flow, the drag coefficient of a cylinder is applied to compare with the SGSD and 
the DCQ-QUICK scheme. In this section, pressure drag is selected to calculate the drag coefficient, the stress-
integration method is imposed on solid boundary for the stress. The formula can be expressed as: 
                                        ^ `[( : ) ( : ) ]TdA p UQw:     ³F n I u u                                     (10) 
Where n  is the external normal vector of w: , p is pressure. 
 
Fig. 6. the curve of drag under the DCQ-QUICK scheme. 
In this section, the computing area is > @ > @0 24D 0 8D, ,:  u , and the coordinate of center of circle is  5 5 4. , , the 
total meshes adopted are 9873. The drag coefficient is imposed at 1Re d  given in equation( 24dC Re ). However, 
the drag coefficient can’t be expressed by the theory. The experimental data worked by Clift et al [11] are adopted to 
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be the benchmark solutions. Within the scope of 0 02 100Re . ~ , the total 18 numbers about the drag coefficient are 
simulated based on the DCQ-QUICK and SGSD scheme. In Fig.7, by numerical comparison with the analytical 
solutions, the numerical results excellently agree with the analytical solutions at 1Re d . With increasing of the Re , 
the simulation results under the DCQ-QUICK scheme compare with the benchmark very well. Furthermore, the 
DCQ-QUICK schemes can be further applied on unstructured grid to improve computation precision. 
5. Conclusions 
The four high order schemes are constructed for discrete convection based on unstructured finite volume method. 
Two classical benchmark problems are solved numerically to obtain a relatively better scheme. From above analysis, 
conclusions can be reached that the DCQ-QUICK scheme not only owns the advantages of robust delay correction 
format, but also has high numerical accuracy and good convergence. Moreover, the DCQ-QUICK scheme is 
effective and trustable for solving complex regional problems. Hence, it is worthy of being applied in the fluid 
dynamics field. 
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